There is still no agreement on the most suitable time and modality for application of repetitive transcranial magnetic stimulation (rTMS) to improve motor recovery in subacute stroke patients. The underlying mechanism of motor recovery following low-frequency rTMS is considered to be modulation of the interhemispheric asymmetry. On the other hand, the cortical balance of brain activity during the acute to chronic phase of stroke is reported to be unstable. Urushidani et al.: LF-rTMS/OT with Longitudinal fNIRS 224
Introduction
Repetitive transcranial magnetic stimulation (rTMS) was introduced recently as a therapeutic modality for poststroke upper limb hemiparesis. The combined application of low-frequency rTMS (LF-rTMS) over the nonlesional cerebral hemisphere and intensive occupational therapy (OT) was demonstrated by several groups to be effective treatment for motor dysfunction affecting the upper limbs in chronic poststroke patients [1, 2] . The underlying mechanism of motor recovery following LF-rTMS/OT is speculated to be related to the modulation of this interhemispheric imbalance (IHI) [3] . On the other hand, the interhemispheric balance of brain activity during the acute to chronic phase of stroke is reported to be unstable [4, 5] . Based on these facts, it would be reasonable to assess the progression of IHI before the application of the LF-rTMS/OT and its effect on motor recovery in subacute stroke.
Functional near-infrared spectroscopy (fNIRS) has been used increasingly in studies of neurorehabilitation, including stroke [6] . The NIRS system measures noninvasively the hemodynamic changes in tissues, such as the cortical microvessels, by detecting the characteristic absorption spectra of hemoglobin through near-infrared light probes and, thus, provides assessment of regional hemodynamic responses associated with cortical brain activation. The use of fNIRS for the assessment of cortical neural activity yields results similar to those obtained by functional magnetic resonance imaging (fMRI) [6] . However, to date, there is no consensus on the changes in brain activation patterns relative to recovery of upper limb function.
The present study was designed to clarify the time course of interhemispheric asymmetry in a patient with subacute stroke and the effects of application of LF-rTMS/OT on the cortical imbalance of brain activity, as assessed by fNIRS. For this purpose, we conducted the present study using longitudinal fNIRS measurements to evaluate the IHI in a patient with subacute cerebral infarction and upper limb hemiparesis.
The present study was conducted in compliance with the Declaration of Helsinki. The study protocol and intervention were granted approval by the Ethics Committee of Nishi-Hiroshima Rehabilitation Hospital, and informed consent was obtained from the patient before entry into the study. In addition, based on the previous evidence-based guidelines for rTMS [1] , the subacute phase of stroke was defined as the period of time after 1-3 weeks after stroke onset until 6 months after stroke onset in this study.
A 71-year-old woman suffered sudden right hemiparesis and was transferred to an acute hospital about 7 h after the onset. Based on MRI with a high-intensity area in the left putamen, the patient was diagnosed with cerebral infarction and received conservative antiplatelet therapy. On day 17 after onset, the patient was transferred to the convalescent rehabilitation ward at Nishi-Hiroshima Rehabilitation Hospital for multidisciplinary rehabilitation. At the time of admission to this hospital, she was completely alert with noticeable but mild rightsided hemiparesis. She needed assistance for standing, walking, and toileting. She could flex and extend her finger in the affected side. However, she was not able to pinch or grip with her affected fingers. The Fugl-Meyer Assessment (FMA) score for the upper limbs was 30. Furthermore, the Action Research Arm Test (ARAT) was 6 ( Table 1) , and the Functional Independence Measure (FIM) was 109. The FMA is a performance-based quantitative measure for the assessment of various impairments in poststroke patients, with assessment of upper limb motor function comprising 33 items of measurement. The maximum possible motor performance score for upper limbs is 66 points. The ARAT consists of 19 functional movement tasks divided into 4 domains (grasp, grip, pinch, and gross movement). The maximum summed score is 57. The FIM is a standardized and widely used tool for assessment of activity of daily living. The maximum score of FIM is 126.
After the admission to the convalescent rehabilitation ward, the patient received physical therapy and OT, which focused mainly on walking ability and the activity of daily living. In addition, serial assessments of motor function of the affected upper limb with FMA and ARAT and brain activity with fNIRS were conducted.
A 49-channel fNIRS system (FOIRE-3000, Shimadzu, Kyoto, Japan) was used to record cortical activity. The task used during fNIRS involved repetitive movements of flexion and extension of the paretic fingers, using a block paradigm design (3 cycles; resting [15 s] -hand movements [15 s] -resting [15 s]). Based on the modified Beer-Lambert law, we acquired changes in oxyhemoglobin concentration (ΔOxy-Hb) at baseline. ΔOxy-Hb levels were selected in this study since they were found to be reliable and sensitive to changes in cerebral blood flow [6] . The locations of the optodes and the anatomical landmarks were marked using a 3D digitizer (FASTRAK, Polhemus, VT, USA). The Statistical Parametric Mapping software package (NIRS-SPM, Welcome Trust Centre for Neuroimaging, London, UK) was used to analyze fNIRS data. The NIRS-SPM was used for spatial registration of the acquired channels on the Montreal Neurological Institute (MNI) brain. Gaussian smoothing with full width at half maximum of 2 s was applied to estimate and remove temporal autocorrelation. The wavelet minimum description length-based detrending algorithm was used to correct any signal distortion. General linear model analysis with a hemodynamic response curve to model the hypothesized oxygenated hemoglobin (HbO) response during the tasks was performed. Based on the general linear model analysis, topography was plotted based on the location of the channels. When SPM t-statistic maps were computed, HbO was considered significant at an uncorrected threshold of p < 0.01. The primary sensory-motor cortex (Brodmann area; BA4) and premotor cortex and supplementary motor area (BA6) were selected as regions of interest. This selection was based on previous studies indicating that BA6 plays an important role in functional recovery after motor impairment [7, 8] . Two appropriate channels corresponding to each region of interest were defined using MNI coordinates of the channels. The ΔOxy-Hb of 4 channels during the task phases was averaged, resulting in a ΔOxy-Hb signal for the left and right BA4 + BA6 areas. To assess the imbalance of cortical activity, the laterality index (LI) was analyzed for the averaged ΔOxy-Hb in the BA4 + BA6 areas. LI was defined as [(ΔOxy-Hb in affected hemisphere -ΔOxy-Hb in unaffected hemisphere)/(ΔOxy-Hb in affected hemisphere + ΔOxy-Hb in unaffected hemisphere)]. LI of +1 and -1 represented activation in the lesional and nonlesional hemispheres, respectively.
The scores of both the FMA and ARAT at 2 months after onset showed improvement relative to those recorded at admission (Table 1 ). In addition, the LI for BA4 + BA6 was also increased (Table 1 ; Fig. 1b ). During the same time period, the patient demonstrated independence in activity of daily living by using a wheelchair. She was able to grip and pinch with affected finger. However, she did not use her affected upper limb in the activity of daily living. In comparison, during the period from 2 to 4 months after onset, the motor function of the affected limb showed no improvement and the LI decreased (Table 1 ; Fig. 1c ). During that time period, the patient achieved walking independence. Based on these changes, we decided to administer the 15-day LF-rTMS/OT course at day 109 after onset. During the 15-day therapy, the subject received 21 treatment sessions of daily 20-min LF-rTMS and 120-min intensive OT (2 sessions per day).
The low-frequency rTMS was applied using a 70-mm F-8 coil and MagPro R30 stimulator (MagVenture Company, Farum, Denmark). In each session, rTMS of 1,200 pulses at 1 Hz was applied on the skull of the nonlesional hemisphere at a site that elicited the largest motorevoked potentials in the first dorsal interosseous muscle of the unaffected upper limb using surface electromyography. The stimulation intensity was set at 90% of the motor threshold of the first dorsal interosseous muscle.
A 60-min one-on-one training was introduced on an individual basis in a face-to-face fashion by an occupational therapist. This training mainly involved the application of shaping techniques and repetitive task practice techniques. The shaping techniques concentrated on the use of the affected upper limb in functional tasks for activities of daily living. We provided repeated combined motion training using various objects, similar to those commonly used in the activity of daily living. A 60-min self-exercise was encouraged in another quiet room without any supervision after the intensive OT. The occupational therapist provided the self-exercise program that met the needs of the patient after discussing the program content with the patient.
The scheduled 15-day protocol of LF-rTMS/OT was completed by the patient without any adverse events. As shown in Table 1 , the scores on FMA and ARAT improved after the intervention. The LI for BA4 + BA6 areas also increased (Fig. 1d ). In addition, the patient was able to cut vegetables with a knife and manipulate chopsticks held by the hand on the affected upper limb.
Discussion
In the present study, the progression of interhemispheric asymmetry was followed in a subacute stroke patient who received interdisciplinary rehabilitation therapy, using fNIRS. The combination treatment of LF-rTMS/OT was applied and completed safely in a stroke patient at 4 months after onset, based on the fact that cortical activation was shifted to the nonlesional hemisphere, as confirmed by fNIRS. The 15-day LF-rTMS/OT treatment increased motor function of the affected limb and facilitated a shift in brain activation to the lesional hemisphere.
The positive effect of rTMS on poststroke recovery of functional motor activity has been well established [1, 2] , but the debate on the most suitable time and modality for application of LF-rTMS for subacute stroke patients continues to date. Another previous study showed that application of high-frequency rTMS (HF-rTMS) of ≥5 Hz activated local neural excitability, whereas LF-rTMS of ≤1 Hz suppressed local neural excitability [9] . The efficacy of LF-rTMS applied to the nonlesional motor cortex for chronic stroke was highlighted by the current evidence-based guideline [1] . We reported previously that the protocol of LF-rTMS/OT significantly improved the motor function of the affected upper limb in chronic stroke patients [2] . On the other hand, for acute stroke, Sasaki et al. [10] reported that HF-rTMS of the lesional hemisphere was more effective than LF-rTMS of the nonlesional cortex for motor recovery of the upper limbs. For subacute stroke, Hosomi et al. [11] examined the clinical effects of HF-rTMS on upper limb motor function of subacute stroke patients in a randomized controlled trial and reported significant improvement only in the Brunnstrom stages hand score compared to sham stimulation. However, no improvements were noted in Brunnstrom stages upper limb scores and FMA after rTMS compared to sham. However, to our knowledge, there was no clinical study yet that clarified the effect of LF-rTMS on functional motor recovery in subacute stroke.
With regard to neural reorganization after stroke onset, it is conceivable that the application of rTMS can be decided on based on the neuroimaging findings in subacute stroke. The abnormally high interhemispheric inhibition in patients with chronic stroke is reported to be associated with poor recovery of hand motor performance [12] . In this regard, the underlying mechanism of the effect of LF-rTMS is mainly functional reorganization in the lesional hemisphere, since suppressive LF-rTMS over the nonlesional hemisphere reduces interhemispheric inhibition toward the lesional hemisphere and indirectly activates the lesional hemisphere [3] . Actually, Yamada et al. [8] performed fMRI before and after the application of LF-rTMS/OT in a group of chronic stroke patients and reported that the intervention induced a shift in bilateral brain activation to the affected hemisphere in the primary sensorimotor cortex. On the other hand, imbalance in cortical brain activity is known to be unstable in subacute stroke. Previous studies investigated the time course of cortical activation by using fMRI after stroke onset and reported a change in interhemispheric asymmetry of cortical activation from the acute to chronic phase [4, 5] . Considered together, it would be necessary to assess the progression of IHI before the application of LF-rTMS in the functional recovery of subacute stroke patients. To our knowledge, there is no clinical study that examined the time course of IHI and clinical effect of LF-rTMS on the functional outcome and IHI using fNIRS measurement. Therefore, our report describes the first clinical study that examined the safety and feasibility of LF-rTMS with longitudinal neuroimaging in the functional recovery of a subacute stroke patient.
In the present study, during the period between the 56th and 109th day, we found a shift of the activation to the nonlesional hemisphere and no improvement in motor function of the affected limb. In subacute stroke patients with subcortical lesions, Wei et al. [13] performed serial fMRI measurements and found an increase in cortical activation in the contralesional nonprimary motor cortex after the rehabilitative training. Our results are consistent with the findings of the aforementioned study where a shift of activation was found after rehabilitation therapy. In addition, a possible reason why there was no functional improvement in the affected upper limb during that phase is that the progression of IHI might offset the effect of rehabilitation therapy. However, our study does not provide a clear reason for the progression of IHI in subacute stroke. It is necessary to clarify the mechanism of the shift in brain activation to the nonlesional hemisphere and its influence on motor recovery in a future study.
Limitations
First, the clinical effectiveness was not studied in this case report. Further studies are needed to confirm the effectiveness of LF-rTMS/OT in patients with subacute stroke based on the findings of functional neuroimaging that can provide accurate assessment of IHI. Second, we could not examine the appropriate rTMS modality for patients without excessive IHI. Based on the presumed mechanism of rTMS, the application of HF-rTMS to the injured cerebral hemisphere might be more effective than application of LF-rTMS to the noninjured hemisphere for motor recovery in patients without severe IHI in the cerebral cortex. Further prospective studies are needed to confirm the usefulness of this neuroimaging-based rTMS therapy for upper limb hemiparesis.
Conclusions
The present case report described the progression of interhemispheric asymmetry in a patient with subacute stroke using longitudinal fNIRS measurements. In addition, the timing of application of LF-rTMS/OT was set to coincide with a shift in cortical activity to the nonlesional hemisphere. The applied treatment improved upper limb motor function and facilitated a shift in brain activation to the lesional hemisphere. Our report describes the first clinical study that examined the feasibility and safety of LF-rTMS using longitudinal neuroimaging for assessment of functional recovery and progression of interhemispheric asymmetry in a patient with subacute stroke. 
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